~" The authors describe their experience with 101 cerebral arteriovenous malformations (AVM's) treated by endovascular embolization followed by surgical removal. Fifty-three patients presented with intracranial hemorrhage and 35 had seizures. Based on the classification of Spetzler and Martin, two AVM's were Grade I, 13 were Grade 11, 26 were Grade llI, 43 were Grade IV, and 17 were Grade V. Fifty-six AVM's were in the fight hemisphere, 28 were in the left hemisphere, 12 were in the corpus callosum, and five involved the cerebellum. In 50 cases, presurgical obliteration of 50% to 75% of the AVM nidus was achieved by embolization, and in 31 cases this percentage increased to between 75% and 90%. In 97 (96%) patients, complete surgical removal of the AVM was obtained.
p REOPERATIVE embolization of intracranial arteriovenous malformations (AVM's) is gaining popularity in neurosurgery and is becoming an accepted technique, particularly in treating large and giant AVM's. 1'2"~'7'12 '14"2t The recent development of new microcatheters has markedly improved intracranial balloon navigation beyond the circle of Willis. Controlled manipulation of these delivery systems has decreased morbidity related to catheterization of cortical or deep AVM feeders and has improved morphological results? This review was designed to examine the results, effectiveness, and complications associated with the combined use of embolization and surgery in I 01 cerebral AVM's.
Clinical Material and Methods

Palient Population
A total of 241 patients with cerebral AVM's were treated with endovascular embolization from July, 1978, to June, 1990 . Of these, 101 patients (41.9%) underwent postembolization surgical removal of the residual AVM nidus and form the basis for this study.
The 101 patients included 44 females and 57 males, ranging in age from 11 to 67 years (mean 34 years). Three AVM's were giant (largest diameter > 7 cm), 54 were large (5 to 7 cm), 38 were middle-sized (3 to 5 cm), and six were small (< 3 cm). Table 1 presents the classification of the AVM's based on the grading system of Spetzler and Martin: z<~ two were Grade I, 13 were Grade II, 26 were Grade lII, 43 were Grade IV, and 17 were Grade V. Fifty-three patients (52.5%) presented with intracranial hemorrhage (29 with subarachnoid hemorrhage (SAH), 20 parenchymal hemorrhage, and four intraventricular hemorrhage); 35 (34.6%) with seizures; four (3.9%) with progressive neurological deficit; and nine (8.9%) with severe headaches. Fifty-six (55.4%) AVM's involved the right hemisphere, 28 (27.7%) the left hemisphere, 12 (11.9%) the corpus callosum, and five (4.9%) the cerebellum. The topography of the AVM's is summarized in Table 2 . 
Current Embolization Techniques
Transfemoral transarterial embolization was performed in 96 patients. Most patients received neuroleptic analgesia controlled by an anesthesiologist; however, general anesthesia was given in two pediatric cases. A No. 5 or 6 French catheter was positioned in the internal carotid or vertebral artery in the neck, and a microcatheter was introduced intracranially with the aid of fluoroscopy and road-mapping capabilities. Road-mapping techniques eliminate blind manuevers in catheterizing arterial feeders and decrease the possibility of arterial vasospasm, dissection, or rupture.
The last 57 patients treated in the series were subjected to pre-embolization superselective angiography ( Fig. 1 left) , followed by pressure recording and an Amytal (amobarbital) test of each arterial feeder. This anatomical, dynamic, and functional evaluation was repeated after each embolization until the feeder was occluded (Fig. 1 right) mixture of polyvinyl alcohol (PVA), avitene, and 30% ethanol was used, and PVA was used alone in six patients (5.9%). A detachable balloon was introduced in one patient (0.99%) to occlude a large arteriovenous fistula associated with an A V M nidus. Various embolic materials were injected into a single arterial feeder when the feeder supplied an arteriovenous fistula associated with an AVM nidus in the same vascular territory,.
Staged embolization was performed in 87 AVM's (86.1%) that had multiple arterial feeders from different vascular territories (Fig. 2) than l0 feeders in six cases (5.9%) and less than three feeders in eight cases (7.9%). The time between embolizations varied in each patient, depending upon the immediate postembolization morphological and clinical results. In a patient who was asymptomatic after embolization, the most frequent waiting period was 48 to 72 hours. In patients developing moderate or severe headaches or a neurological deficit, the subsequent embolization was performed after stabilization or disappearance of the patient's symptoms. Most patients underwent postembolization computerized tomography or magnetic resonance imaging to assess postembolization ischemia, vasogenic edema, or hemorrhage.
Operative Techniques
Surgery was generally scheduled 5 to 7 days after the last staged embolization. Under general anesthesia, a wide craniotomy was performed to expose the AVM and the adjacent vascular anatomy. Feeding arteries that terminated in the AVM were coagulated, clipped if they were larger than 0.5 mm in diameter, and divided. Embolized as well as nonembolized feeders were managed in the same manner to avoid the possibility of bleeding due to partial embolic occlusion or recanalization. The tiny thin-walled feeders that are almost always found supplying the deepest portion of large AVM's were usually sealed by means of bipolar coagulation; in some cases, they were occluded with small aneurysm clips. The AVM nidus was dissected from adjacent brain parenchyma using bipolar forceps and suction. Finally, the primary draining veins were divided after occlusion of the feeding arteries. Barbiturate anesthesia titrated to electroencephalographic (EEG) burst suppression was used for large AVM's, for deep AVM's requiring prolonged brain retraction, and when hypotension was induced to control troublesome bleeding.
Since 1986, intraoperative digital subtraction angiography has been performed to confirm the completeness of the AVM excision. In approximately 10% of embolized cases, residual AVM was identified and located by the intraoperative angiogram. In each instance, the residual AVM nidus was found and removed.
Results
Morphological Obliteration by Embolization
In 50 cases (49.5%), 50% to 75% obliteration of the AVM nidus was achieved by embolization, in 47 (94%) of these, complete surgical removal of the residual AVM was obtained and, in the remaining three cases, approximately 90% of the embolized AVM nidus was resected. In 31 patients (30.6%), 75% to 90% obliteration of the AVM nidus was obtained, and complete postembolization surgical removal was achieved in all. In 14 patients (13.8%), embolization occluded less than 50% of the AVM nidus; in 13 of these, complete surgical removal was obtained. In three patients, functional evaluation of AVM pedicles via a superselective Amytal test was directly followed by complete surgical resection of the lesion. Embolization was omitted because it carried a higher risk of ischemia than surgery alone due to the presence of vessels en passage ( Fig. 2 ri~,ht). Presurgical embolization was unsuccessful in three patients (2.9%) due to the development of technical or clinical complications; however, in all three, the AVM's were successfully removed at surgery. Complete surgical removal of the AVM was achieved in 97 (96%) of 101 patients.
Technical D([licully (?f Surgc,r), A[ier Embolization
The efficacy of embolic treatment before surgery was best measured by the degree of AVM nidus occlusion, as determined by the final postembolization angiogram. Arteriovenous malformations that had occlusion of more than 75% of the nidus appeared to be extensively thrombosed when inspected at surgery (Fig. 3 ). With this degree of AVM occlusion, there was evidence of thrombosis of cortical draining veins, facilitating dissection of the superficial aspects of the residual AVM with good control of the small fragile deep feeding vessels supplying the residual AVM. Embolic occlusion of less than 50% of the AVM nidus had little discernible effect on the appearance or behavior of the AVM at surgery. In these cases, the degree of surgical difficulty appeared to be improved only if the embolization had occluded feeders that were deep or relatively inaccessible. The effect on surgical excision provided by embolic occlusion of 50% to 75% of the nidus was somewhat variable but was favorable in most cases. Table 3 shows the morbidity and mortality data related to embolization alone in the various types of AVM. The most common cause of morbidity was brain ischemia or infarct due to untoward occlusion of normal arteries. Vasogenic edema produced a delayed neurological deficit 6 to 12 hours postembolization that cleared in the following days with intensive administration of anti-inflammatory medication. In two cases, excessive inflation of a balloon in an arterial feeder ruptured the vessel, producing SAH. These two patients survived this technical and clinical complication, and had complete surgical removal of their AVM's. Two other patients had a delayed postembolization intracerebral hemorrhage while still in the hospital. One of these had a brain hemorrhage 4 days postembolization with death resulting in spite of successful surgical removal of clot and residual AVM. The other patient survived the emergency surgical intervention but remained with a severe sensorimotor deficit.
Complications of Embolizalion
Surgical Complications
The immediate morbidity and mortality data related to surgical resection of the residual AVM are detailed I (hemi) (mild), 3 (rood) 0 0 0 7 3 * AVM = a,-teriovenous malformation: mod = moderate: sev = severe; hemi = hemianopsia: qaad = quadrantanopsia.
"l" For grading system see Spetzler and Martin. :c~ in "fable 4 and the overall long-term data for combined embolization and surgery are presented in Table 5 . The clinical complications were distributed among the different types of AVM.
Discussion
Historical Perspectives
New technical developments in the fields of vascular neurosurgery and interventional neuroradiology appear to have a positive impact in the management of complex intracranial AVM's.I267I21421 The intra-arterial navigation of balloons beyond the circle of Willis using flexible microcatheters with a calibrated-leak balloon marked a new era in the field of interventional neuroradiology. This technique allowed the catheterization of individual arterial feeders, decreasing the chance of untoward embolization of normal brain arteries. Serbinenko 1~ in 1974 and Debrun, el a]., 3 in 1978 utilized detachable balloons to occlude large arteries supplying brain AVM's. These delivery, systems and embolic material were inappropriate to catheterize F. Vifiuela, el al.
small cortical or deep-seated arterial feeders. Kerber ~~ and Pevsneff 5 developed a more flexible delivery system using a silicone microcatheter preceded by a calibratedleak balloon. This system allowed the injection of a liquid embolic material (IBCA), but the small size of the microcatheter precluded the use of particles. The use of calibrated-leak balloons also had a potential risk of rupturing an arterial feeder due to untoward inflation of the balloon.
Superselective catheterization of AVM feeders allowed superselective angiography and gathering of anatomical, dynamic, and functional information not available in a standard cerebral angiogram] s An AVM feeder could now be classified as primary (feeding only the AVM nidus) or en passage (supplying the AVM nidus and normal brain distal to it) (Fig. 2) . It was also possible to identi~' feeders leading to an arteriovenous fistula in the same vascular territory as an AVM nidus. 24 This association is more frequent than expected, and it appears to be the source of iatrogenic events (for example, rupture of an AVM nidus immediately after abrupt endovascular obliteration of an arteriovenous fistula). :~ More recently, the development of new microcatheters without a preceding calibrated-leak balloon has further improved the safety of intracranial navigation. The elimination of the balloon decreases the chance of rupturing an arterial feeder due to excessive balloon inflation. The wider lumen of the new microcatheters also permits delivery of particles as large as 500 to 1000 ~, silk, or microcoils. 9'~6'~s
Pre-Embolization and Preoperative Amytal Test
Superselective angiography of AVM feeders is currently followed by the injection of 30 mg of Amytal (superselective Amytal test). ~6 The patient is monitored clinically and with computerized EEG studies to detect neurological abnormalities related to the Amytal injection. This presurgical functional evaluation is currently correlated with intraoperative electroeorticography to delineate the location of the sensorimotor or speech cortex in relation to an AVM nidus. The preliminary data obtained by an endovascular superselective Amytal test in the localization of cortical speech representation appears to correlate with data reported by Ojemann, el al. '~ They used intraoperative stimulation mapping in the left dominant hemisphere to localize cortical sites essential for language, and concluded that there was a substantial individual variability in the exact localization of language function and that language function cannot be reliably localized by anatomical criteria alone. The authors have found that, not infrequently, AVM's anatomically at or near eloquent areas produce a shift of functional cortex. This functional shift may be detected with a superselective Amytal test of AVM feeders and surrounding cortical arteries (unpublished data). This functional shift has been more frequently observed with AVM's associated with the language cortex than with the sensorimotor cortex (Fig. 4 ). 
C o m b i n e d e m b o l i z a t i o n a n d surgery tbr
Therapeutic A lternalives
Consideration of the alternatives in the treatment of intracranial AVM's requires a team discussion involving the neurosurgeons, neurologist, interventional neuroradiologist, and radiotherapist. There are several parameters that need to be analyzed, including clinical presentation (such as intracranial hemorrhage, seizures, progressive neurological deficit), the size and location of the lesion (non-eloquent versus eloquent areas such as sensorimotor, speech, or visual cortex, thalamus, basal ganglia, or brain stem), and the presence of cortical versus deep feeders. The clinical grading scale of Spetzler and Martin ~~ appears to provide a reliable prediction of surgical risks in nonembolized AVM's] 3 By their system, AVM's are graded on the basis of size, patterns of venous drainage, and eloquence of adjacent brain cortex. A Grade I AVM is small, superficial, and located in noneloquent cortex; a Grade V AVM is large, with deep venous drainage, and situated in neurologically critical areas; a Grade VI AVM is inoperable. The function of the endovascular therapist is to simplify the task of the neurosurgeon by decreasing the size of the vascular malformation, reducing arteriovenous shunting, and blocking difficult feeders such as lenticulostriate, thalamoperforating, and anterior or posterior choroidal arteries.
Spetzler, et aI.] ~ performed preoperative staged embolization of large or giant AVM's by exposing the arterial feeders in the operating room. They concluded that the excellent surgical and clinical results observed in their series of 20 patients was related to a better control of the problem of normal perfusion pressure breakthrough. Other interventional neurosurgery groups performed staged embolization of AVM's using preoperative transfemoral techniques. ~.~.~,.7. ~2., 6.,v The staged transfemoral embolization technique (Fig.  5 ) was performed in 96 (95%) of the 101 cases in this series, intraoperative embolization in only one patient (0.99%), and a combination of the two techniques in four patients (4%). The preference for the transfemoral technique avoided the need for multiple craniotomies in large or giant AVM's. The transfemoral technique is now successful due to the availability of a new generation of microcatheters that allows distal intracranial navigation as well as safe catheterization of perforators. In our series, it was possible to catheterize 537 AVM feeders, with an average of 5.3 feeders/AVM. In some large or giant AVM's, it was necessary to embolize as many as 23 feeders in multiple stages. No technical complications (arterial vasospasm or rupture) were observed in the transfemoral catheterization of the last 300 arterial feeders.
The potential for presurgical embolization of an AVM should be thoroughly discussed among members of the neurovascular team. Embolization should not be employed in a case simply because it is technically feasible; it should be reserved for cases such as large AVM's with multiple feeders or AVM's with deep or inaccessible feeders in which embolization is likely to improve the overall management, morbidity, and mortality. It must be noted that embolization has its own associated morbidity and mortality rates, and a patient should be exposed to these risks only if it appears that embolization will reduce the risks of overall management. As an example, the risks of surgery, are so low for Spetzler and Martin Grade I and II AVM's that it is unlikely that embolization will make their treatment any safer.
Analysis of Resu#s
Heros Table 1 ). The overall long-term morbidity in this group of patients was mild in three cases (8.5%) and moderate in four (9.3%); no severe complications or deaths were reported. Analysis of long-term morbidity in 21 patients with Grade V AVM's shows two cases (9.5%) with mild, one (4.8%) with moderate, and one (4.8%) with severe clinical complications. The staged reduction in size of these AVM's by transfemoral embolization allowed complete surgical removal of these lesions in a single surgical procedure with relatively low incidence of morbidity and no deaths. The postembolization residual AVM nidus could not be removed in two Grade Ili cases due to severe intraoperative hemorrhage and in two other cases due to their proximity to an eloquent area of the brain.
Combined embolization and surgery for AVM's All AVM's (31 cases) that were reduced 75% to 90% by presurgical obliteration were completely removed in one surgical procedure; 47 of 50 AVM's with 50% to 75% presurgical occlusion were successfully removed; and 13 of 14 AVM's with less than 50% presurgical occlusion were completely resected. The size of the postembolization residual AVM is not the only factor that appears to affect surgical removal; the degree of arteriovenous shunting, the presence of numerous nonembolized perforators, and the early development of postembolization leptomeningeal collateral vessels also play an important role. The development of this neovascularity in the surface of the brain may be prominent and mask the natural plane of cleavage between the normal brain and the AVM nidus. These vessels can also be the source of troublesome bleeding during surgery. -'6 In three patients, presurgical functional evaluation of the AVM feeders via a superselective Amytal test was performed. A decision not to embolize the AVM was made in two of these cases due to the identification of vessels en passage. Embolization of a vessel en passage carries a high risk of causing infarction of normal brain parenchyma distal to the AVM nidus. The presurgical demonstration of these vessels allows the neurosurgeon to electrocoagulate the small feeders arising from the arterial main trunk while sparing its lumen.
We have not found that embolization makes the AVM a rigid nonretractable mass. In general, dissection of an embolized AVM is the same as or easier than dissection of a nonembolized AVM. This is probably related to the technique of delivering liquid embolic material (small amounts of IBCA or NB cyanoacry, late (NBCA) that are pushed with dextrose) into the AVM nidus, decreasing the possibility of depositing large amounts of embolic material into the large feeders of the AVM and also related to the use of particle emboli such as PVA. There is an exception to this experience: when embolization has occluded the superficial feeders without occluding the nidus, the AVM nidus is reconstituted via smaller deep perforating arteries which can be much more difficult to control than large superficial feeders. This situation, which usually occurs only if there has been a relatively long interval between embolization and surgery, can make surgical excision of the residual AVM significantly more difficult.
Analysis of Compfications
We defined a mild neurological deficit as one that allowed the patient to function normally and to return to their previous work. A patient with a moderate neurological deficit had a satisfactory, functional life but impaired working capabilities. A patient with a severe neurological deficit had impairment of both functional and working life.
The most common cause of complications related to embolization was ischemia due to occlusion of normal vessels. The neurological deficit was severe in six patients (5.9%); two were among 17 patients who underwent embolization of parieto-occipital and temporooccipital AVM's and both suffered related hemianopsia. Two other patients had a severe sensorimotor deficit: one developed severe aphasia and the other (with a callosal AVM) a severe memory, deficit after embolization of 15 pedicles. One patient suffered a severe intracerebral hemorrhage 4 days after embolization while waiting for final surgical resection of the residual AVM Retrospective evaluation of the patient's postembolization angiograms showed that 50% to 75% of the AVM nidus had been occluded and that there was noticeable stagnation of the AVM venous outlet; there was no evidence of embolic material (NBCA) or significant anatomical stenosis of the AVM draining veins. Another patient suffered a severe intracerebral hemorrhage 5 days postembolization that led to her death in spite of successful surgical removal of the residual AVM and hematoma. Similar findings were observed in the postembolization angiogram. These two delayed hemorrhagic complications may be related to progressive thrombosis of the AVM draining veins not associated with concomitant thrombosis of the residual AVM. Both patients remained neurologically asymptomatic until the intracerebral hemorrhage occurred; in both, the neurosurgeon encountered numerous thrombosed veins on the surface of the brain.
The surgical morbidity was divided into two categories: immediate and long-term complications. The immediate complications were mild in six cases (5.9%), moderate in 10 (9.9%), and severe in nine (8.9%). Pulmonary complications in the immediate postoperative period were experienced by three patients (2.9%) in the severe complications group. The long-term surgical complications were mild in nine cases (8.9%), moderate in three (2.9%), and severe in six (5.9%). Two patients with complete hemianopsia are included among the six cases of severe complications. Comparison between the immediate and long-term surgical morbidity shows that the percentage &moderate and severe neurological complications improves with time. This trend has been previously described by Heros, et al., ~ Steinmeier, et al., "-3 and others.t*2~
In one case of a large AVM, obliteration of 50% to 75% of the nidus was insufficient to avoid a fatal intracerebral hemorrhage. The AVM had multiple deep perforators associated with small aneury, sms that could not be embolized due to their small size. Preliminary analysis by one of the authors O.E.D.) of the association of aneurysms and perforators in large multipediculate AVM's shows a surprisingly high number of these associations. This angiographic finding needs to be thoroughly examined as it may have repercussions in the clinical presentation and therapeutic planning and outcome of brain AVM's.
